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Abstract 

During the purge of the 1st run of the 35T prototype tank for the LBNE, the flow out of the nineteen 

risers was unevenly distributed and it was observed that risers close to the vent had a greater flow 

rate than those far from it. Although this run was successful, the 2nd run will have more sources of 

contamination and therefore it is desired to ensure all risers are effectively purged. Inorder to 

achieve this level of efficiency, an orifice will be installed at the outlet of each riser to provide a 

tuned resistance which when matched with the tubing resistance results in the desired flow out of 

each orifice. This paper presents the pressure drop calculation across the whole setup with air and 

argon as tank gases as well as a detailed analysis of how the orifices were sized. 
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Introduction 

The Long-Baseline Neutrino Experiment (LBNE) seeks to build a very large liquid argon detector 

using membrane cryostat technology with passive foam insulation to do neutrino physics. This 

34kTon detector is planned for installation at 4850 ft. below the surface (to shield it from cosmic 

ray) at the Sanford Undeground Research Facility (SURF) in Lead, SD. This massive construction 

would be carried out in a phased approach with the first phase of a volume of 2 x 7,134 m3 

membrane cryostat followed by a second with 2 x ~15,000 m3 volume and it is expected to start in 

2020 while operationsand experiment would commence around 2024. The target material in this 

time projection chamber is liquified argon and it is required that it contains less than 200 parts per 

trillion (ppt) oxygen equivalent contamination to ensure the success of the technology. To ensure 

that membrane technology is suitable for this experiment a 35T prototype has been built and 

operated, which is the first and only membrane cryostat for scientific purpose available to 

scientists. It should be noted that the first run of this prototype achieved an electron lifetime of 2.5-

3 ms which is well above the desired 1.4 ms threshold. However, for the second run a TPC will be 

installed as well as other cryogenic upgrades which will increase the sources of contamination in 

the system. Therefore, there is a need for a more rigorous analysis to ensure the desired purge in 

the system is effective. 

 

Figure 1: Detailed Overview of the 35T Prototype 

As shown above, the 35T prototype has a size of 4 m x 2.7 m2 and a volume of 27,700 liters. All 19 

risers used in the purge process sit on a stainlesss steel plate as they extend from the liquid 

compartment to an outside vent. Insulation with polyurethane foam and thermal radiation shield 

both help to minimize all forms of heat transfer within the vessel. 

Argon Piston Purge 

The piston method is used for the purge of air out of the tank through the risers using argon gas. 

This method involves argon gas at room temperature being injected into the tank via 25 nozzles 

aimed downward just above the tank floor to prevent turbulent mixing of the argon and air. With a 

flow rate of 2.43 hours per volume change, argon gas is pushing the less dense air out and both 
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gases exiting through all 19 risers, through the vent and then to the atmosphere. Note that the 

conventional vacuum pump method for evacuation was not feasible for this process because the 

tank is not designed to withstand the external pressure forces that occur during evacuation. The 

cost and complexity of avery large evacuable tank and associated evacuation system is prohibitive 

such that the purge method was developed. The purge is then followed by a room temperature gas 

filtration phase which removes outgassing in a manner similar to an extended evacuation.

 

Figure 2: Argon Piston Purge Method 

LBNE 35T 1st  and 2nd Run 

The first run of the LBNE 35T tank was carried out with an empty tank and it validated the piston 

purge method of air removal. It was observed from this run that the risers close to the vent had a 

greater flow rate than those farther away as expected because the increase in length increases the 

friction of the flow thereby reducing flow rate. 

For the second run, the tank will contain TPCs, wiring and other cryogenic upgrades which will lead 

to an increase in the sources of contamination in the system, especially on risers where this wiring 

will pass through. To account for this, an orifice will be installed on all risers to dictate the flow 

from these risers by affecting the flow resistances due to the different tubing lenghts. 

Pressure drop during Air flow 

Since both air and argon pass though all risers a pressure drop calculation across the system using 

both air and argon as tank gases is necessary.  Initially air exits the risers and by the end of the first 

volume exchange the riser flow has transitioned to argon. For all calculations in this paper 

equations, tables and charts were obtained from crane 410, which is the “bible” of basic engineering 

pressure drop calculations. 

During the purge of air out of the LBNE 35 T tank, tank gas is withdrawn through nineteen (19) 

vertical risers of varying internal diameters. The purge flow rate of argon gas is given as 7.4 SCFM 

(Standard Cubic Feet per Minute). This overall flow rate is the summation of the individual flow 

rates of all risers. Therefore in order to estimate the flow rate due to each riser, the fraction of the 

total flow rate due to each riser is determined based on the ratio of its cross-sectional area to that of 

the total cross-sectional area. Note that these risers are manifolded together with stainless steel 
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tubing with outer diameter of 0.5” and an inner diameter of 0.43”. An orifice will be installed where 

the stainless steel tubing connects to each riser to obtain the desired flow rate through each riser. 

Methods 

With a slight modification of the Darcy’s formula, the equation for the pressure drop across a piping 

network is given as; 

       
    

  
                                      

Where, ΔP is the change in pressure in Psi 

              K is the equivalent resistance coefficient 

             Ρ is the density of the fluid  

             q is the flow rate 

             d is the internal diameter of the pipe.  

It is evident from the above equation that the internal diameter of the pipe has the greatest effect 

on the pressure drop as it is raised to the fourth power, followed by the flow rate which is raised to 

the power of 2, while the resistance coefficient and density of the tank gas vary linearly with 

respect to the pressure drop.  

 

Figure 3: Schematic showing flow path and pressure drop across all risers to large vent. 

Based on the schematic above, the resistance coefficient and the flow rates were obtained for each 

section in the flow network. 

The Flow rate, q 

The flow per riser is calculated by multiplying the obtained ratio of the riser’s cross-sectional area 

to the total cross-sectional area by 7.4 SCFM (total flow rate). The flow rate obtained in SCFM is 
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then converted to standard units of cubic feet per second. Since the flow rate follows a converging 

pattern, the actual flow rate at each section of the network is obtained by summing all the flow 

rates that contribute to the flow at that point based on the flow schematic. For instance, the flow at 

A is the flow rate due riser A, while the flow at B is the flow rate due to risers A and B and the flow 

rate at F is a summation of all the flows from A to F. Note that the flow rate at P4 is the summation of 

all the flow rates of all 5 risers involved in that flow path and the flow rate at P6 is due to all 19 

risers, as the two flow paths meet in that region. Note that the flow rates are heavily dependent on 

the internal diameter of the risers which are in three sizes (3.87”, 5.87” and 7.87”) across network. 

Resistance Coefficient, K 

For this analysis, a simple calculation was first carried out using only the flow resistance due to a 

straight pipe. However, the results obtained showed that the pressure drops was not in sync with 

what happens in reality as there was a significant difference between the two paths before they 

combine. Also regions of multiple modification such as the flow from H to K showed flaws in the 

assumption that other resistance were negligible. Therefore, a more detailed analysis was needed 

to obtain the desired pressure drops across the network. This is necessary and a big part of 

engineering as engineers do not want to put more effort than necessary in any task if a simpler 

analysis is sufficient. 

Four different flow resistances were included in this analysis and they are; 

I. Pressure loss due to a straight pipe 

The nature of the flow in the pipe at different sessions is determined by obtaining the Reynolds 

number of the flow at the desired location. The Reynolds number is the ratio of inertia and viscous 

forces. It should be noted that a Reynolds number less than 2000 indicates that the flow is laminar 

while a Reynolds number higher than 4000 shows that the flow in the pipe is turbulent.  

The general equation for the Reynolds number is obtained from equation 3-3 in crane 410 and it is 

given as; 

   
         

   
                                                         

Where, q is the flow rate in cubic feet per second 

 ρ is the density of the fluid in pounds per cubic feet, 

 d is the internal diameter of the tubing in inches and  

 μ is the dynamic viscosity of the fluid in centipoise. 

From the Reynolds number obtained, two types of flows occur within the network. Two regions of 

laminar flow at R and S, while the other regions are fully developed turbulent flow. The friction 

factor f, which depends greatly on the Reynolds number is estimated for each region to determine 
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the flow characteristics (mainly pressure drops) in such region. For laminar flow regions, the 

friction factor is given as; 

  
  

  
                                                                                     

Note that for laminar flow f is only dependent on Reynolds number. 

For the turbulent flow regions, the friction factor f depends on Reynolds number as well as the pipe 

relative roughness (ε/D). Since this calculation involves commercial steel pipes, the Moody chart on 

page A-25 in crane 410 is used to directly estimate the friction factor at each location using the 

Reynolds number obtained earlier and the pipe’s internal diameter. 

Pressure losses in piping systems result from a number of system characteristics, one of which is 

the resistance coefficient KB of the piping system due to a straight pipe, and is given as; 

   
  

 
                                                                        

Where, f is the friction factor 

 L is the length of the straight pipe in feet 

 D is the internal diameter of the pipe in feet. 

II. Pressure loss due to elbows. 

Elbows are regions of bends that causes a change in the direction of the flow. Due to the presence of 

standard elbows in the different parts of the system, another resistance coefficient KElbow due to 90˚ 

bends at several points of the network is accounted for in our analysis, and is given as; 

                                                                   (4) 

Where fT is the friction factor based on the nominal size of the pipe (i.e. pipe ID), and it is obtained 

from page A-26 in crane 410 which shows the pipe friction data for clean commercial steel pipe 

with flow in zones of complete turbulence.  

III. Pressure loss due to flow through tees 

Tees are employed in flow system to either combine the flow of two streams or the divide a single 

stream flow. A converging flow analysis is employed as the tees in this network help to combine 

flows of two streams. This flow resistance is in two categories, the flow resistance due to the flow 

through run, KRun and the flow resistance due to the branch, KBranch. Figure 2-14 and 2-15 on the 

2009 edition of crane 410 shows the resistance coefficients for the branch and run paths for tees 

with all leg diameters equal respectively. Both KRun and KBranch can be obtained directly once the 

flow ratio is known. 

           
       

         
                      (5) 
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Figure 4: Converging Flow in a tee. 

IV. Pressure loss due to sudden changes in pipe size 

Regions of sudden and gradual contraction and enlargement also exist across the network and they 

contribute to the pressure changes in those regions where they are present. The first occurrence is 

the regions between K and where the two flows combine and between G and where the two flows 

combine. Sudden contractions occur in these regions due to a ceramic isolator on each path just 

before they combine as the 0.43” steel tubing shrinks down to 0.32” and afterwards a sudden 

enlargement from 0.32” back to 0.43”. The second region of sudden enlargement occurs between 

the region where these two flow paths combine and P6 where the 0.43” tubing is attached to a 

0.652” tubing. The last region connects this 0.652” tubing to the vent pipe whose internal diameter 

is 2.157”. 

 

Figure 5: Shows regions of sudden changes in pipe size 

The angle of divergence or convergence in all these regions is approximately 180˚ and the 

coefficient of resistance to account for the pressure drop due to this modifications is given below; 

For sudden and gradual contraction 

                      √   
 

 
                                                     

For sudden and gradual enlargement 

                                                                                                 

Where β is the ratio of the smaller internal diameter to the larger internal diameter of the two 

pipes, and θ is the angle of divergence or convergence. 
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Finally, an equivalent resistance coefficient is then obtained which is the summation of all the 

resistance coefficients of the different components at each point within the network. 

Result 

Comparing both flow paths at P6, there was a slight difference in pressure drop. This is contrary to 

what happens in reality because flows arriving at a single point tend to adjust to achieve 

equilibrium in pressure changes. In order to correct for this difference, the size of risers A, B and E 

were increased in order to increase the flow rate from these risers as these risers contain more 

contaminants, while risers M and O were reduced to decrease the flow rate from these risers. Note 

that although the riser size is adjusted for the flow rate calculations, in reality the riser tube 

diameters do not change. As shown in the tables below, these modifications in riser size help ensure 

that the pressure at P6 is the same when approaching from both paths of the network and that the 

whole flow network correctly represents what happens in reality. A similar calculation is done 

using argon gas as the tank gas since both gases pass through all the risers during the purge, air 

first and then followed by argon gas. The only major change is the density of the gas and all other 

steps and analysis remain the same as in the case with air. Tables below show calculations for both 

air and argon gas respectively. 

 

Table 1: Pressure Drop calculation for Air 
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Table 2: Pressure drop calculations for argon 

From the tables above, the pressure at P6 from both flow paths are approximately equal and the 

pressure at the vent is also approximately zero for both air and argon gas.  

Note that the pressure drop using argon gas is greater than that of air because argon is denser than 

air. Since the same flow rate is assumed for both gases the major changes would be due to the 

density of the gas involved according to equation (1). 

Sizing the orifice  

The most significant task in the 2nd run of the LBNE 35T tank is the sizing of the orifice to obtain 

the desired flow out of each riser. Since there are 19 risers, there would also be 19 orifices installed 

with varying diameters based on the resistance they are designed to provide. An orifice is a flow 

meter and the flow rate through an orifice is given as; 

     √
         

 
                             

Where Y is the expansion factor, 

 C is the flow coefficient and 

 A is the orifice cross sectional area. 
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The orifice diameter is then obtained from the cross-sectional area using equation for cylindrical 

cross-sections ( πD2/4). A pressure drop of 0.75 psi is assumed across the first orifice location at A, 

and since the pressure obtained from the previous calculation indicate a pressure of 0.55 after the 

orifice sizing, this results in an initial pressure of 1.3 psi on all risers using air as tank gas, and with 

initial pressure of 0.8 an initial pressure of 1.55 was set for all risers with argon. 

 

Figure 6: Shows Risers at Proton Center Enclosure (PC4) and where the orifices will be 

installed. 

Conclusion 

The pressure drop model obtained from analysis and calculation during the purge of air and argon 

out of the LBNE 35T tank is consistent with reality, as the pressure at location P6 was the same 

from both ends of the network and the pressure at the vent was also zero. Also the tank purge 

operating pressure for air and argon were 1.3 psig and 1.55 psig respectively, which is comfortably 

less than the maximum allowable tank pressure of 3 psig. Finally, this model allows for changes and 

easy modification of the system in order to obtain the desired flow rate from any of the risers. 
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